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Abstract: Mitochondrial function declines with age in postmitotic tissues such as brain, heart and skeletal muscle. Despite 
weekly exercise, aged mice showed substantial losses of mtDNA gene copy numbers and reductions in mtDNA gene 
transcription and mitobiogenesis signaling in brain and heart. We treated these mice with weekly intravenous injections of 
recombinant human mitochondrial transcription factor A (rhTFAM). RhTFAM treatment for one month increased 
mitochondrial respiration in brain, heart and muscle, POLMRT expression and mtDNA gene transcription in brain, and PGC-1 
alpha mitobiogenesis signaling in heart. RhTFAM treatment reduced oxidative stress damage to brain proteins, improved 
memory in Morris water maze performance and increased brain protein levels of BDNF and synapsin. Microarray analysis 
showed co-expression of multiple Gene Ontology families in rhTFAM-treated aged brains compared to young brains. RhTFAM 
treatment reverses age-related memory impairments associated with loss of mitochondrial energy production in brain, 
increases levels of memory-related brain proteins and improves mitochondrial respiration in brain and peripheral tissues. 



INTRODUCTION 

Diseases of aging represent substantial socioeconomic 
burdens for modem societies that are increasingly 
composed of aged individuals. Aging in postmitotic 
tissues such as brain, heart and skeletal muscle 
increases risk of neurodegenerative diseases, 
cardiomyopathy with heart failure and sarcopenia, 
respectively. Overcoming these impairments would 
improve quality of life for aged individuals and 
markedly lessen burdens on caregivers and societies. 

The mitochondrial theory of aging (MTA) is 
particularly relevant to understanding age-related 
diseases in these post-mitotic tissues. In a broad 
formulation, this theory posits that aging leads to 
increasing deficits in bioenergetic capacities of 
mitochondria such that cellular energy requirements are 
not met. These bioenergetic deficits not only decrease 
energy production capacity but also increase damage 



from oxygen free radical production. Such bioenergetic 
deficits could arise from impaired signaling for 
maintaining intracellular mitochondrial mass 
(mitochondrial biogenesis; "mitobiogenesis"), abnormal 
assembly of mitochondrial energy production systems, 
increased damage from reactive oxygen/nitrogen 
species to mitochondrial components, altered 
fission/fusion control, increased mitochondrial 
destruction (mitochondrial autophagy; "mitophagy"), or 
some combination of processes. 

Earlier formulations of the MTA emphasized 
mitochondrial production of ROS as the primary catalyst 
for aging [1, 2]. That concept has become increasingly 
controversial [3-7], and other explanations for age-related 
mitochondrial bioenergetic losses are being sought [8, 9]. 
One emerging theme is that ROS serve an important 
signaling role [10-12], not so much a detrimental role, 
and the mammalian target of rapamycin (mTOR) kinase 
pathway contributes to aging, possibly through producing 
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cellular hyperfunction [13, 14]. 

Mtiochondrially targeted treatment has shown some 
successes in improving lifespans of various organisms 
[15, 16]. This finding is consistent with observations of 
mitochondrial deficiencies in aging Ames mice [17] and 
involvement of oxidative stress [18, 19] and 
mitochondrial bioenergetics [20] in cardiac failure. 

To treat mitochondrial deficiencies, we have developed 
recombinant human mitochondrial transcription factor 
A (rhTFAM) [21-24]. TFAM is an essential component 
of the mitochondrial DNA replication and expression 
machinery and contains two high mobility group 
(HMG) domains that bind to mtDNA. RhTFAM 
includes an N-terminal protein transduction domain to 
allow rapid translocation across cell membranes, 
followed by an S0D2 mitochondrial localization signal 
to stimulate uptake through the TOM-TIM 
mitochondrial translocases [21]. RhTFAM enters the 
mitochondrial compartment of cells rapidly and can also 
transport mtDNA cargo into mitochondria [21, 25]. 
RhTFAM stimulates mitochondrial biogenesis of 
human cells modeling sporadic Parkinson's disease [23] 
or containing high abundance mtDNA mutations of 



Leber's hereditary optic neuropathy (LHON) or Leigh 
syndrome [25]. RhTFAM treatment of cells exposed to 
parkinsonian neurotoxins restores ATP deficiencies and 
reduces oxidative stress [24]. Systemic treatment of 
young adult mice with rhTFAM stimulates 
mitochondrial biogenesis, increases respiration in brain, 
heart and muscle, increases brain mitochondrial 
ATPsynthesis and reduces oxidative stress damage to 
proteins [21, 24]. 

These desirable properties of rhTFAM suggest that it 
might improve bioenergetic deficiencies produced as a 
consequence of aging. To test that possibility, we treated 
aged mice with rhTFAM in a manner similar to our prior 
study of treating young adult mice [21, 24]. We observed 
stimulation of mitochondrial biogenesis and mtDNA 
gene expression in the absence of any apparent systemic 
toxicity. Increases in mitochondrial oxidative metabolism 
were mirrored by improvements in Morris water maze 
performance in aged mice, including platform acquisition 
(learning) and platform location recall (memory), and 
increases in brain protein levels of BDNF and synapsin. 
These findings support beneficial use of rhTFAM in 
human aging and development for experimental use of 
rhTFAM in humans. 
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Figure 1. Aging causes loss of mtDNA copy numbers and mtDNA transcription, (top row) qPCR analyses of mtDNA gene 
levels in gDNA fronn young (5 nnonth, n=6) and old (21 nnonth, n=9) brains (left), hearts (nniddle) and skeletal nnuscle (right), expressed 
as % mean young mouse levels. For brains and hearts, all differences between young and old animals are significant at p<0.0001; for 
muscle, differences between young and old C03 levels were significant at p=0.036. No other genes had significant differences 
between young and old animals (all by unpaired t-test). (bottom row) qPCR analyses of mtRNA gene levels as cDNA's in young (5 
month, n=6) and old (21 month, n=9) brains (left), hearts (middle) and skeletal muscle (right), expressed as % mean young mouse 
levels. For brains, all differences between young and old animals are significant at p<0.0001; for heart, all differences between young 
and old are significant at p=0.001 or less; for muscle, differences between young and old are not significant (all by unpaired t-test). 
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RESULTS 

Effects of aging and rhTFAM treatment on mtDNA 
gene copy numbers 

We used multiplex qPCR for four mouse mtDNA genes 
(16S rRNA, COl, C03, CytB) normalized to the 
geometric means of three abundantly expressed 
housekeeping genes (GAPDH, beta-actin, 18S rRNA) in 
each sample to improve precision of our assays. By 
comparing mtDNA gene levels between comparable 
tissues of buffer CTL-treated 5 month-old young adult 
(n=6) and 21 month-old aged mice (n=9), we obtained 
estimates of the effects of aging in these tissues from 
male mice who had undergone vigorous, once weekly 
rotarod exercise testing over 4 weeks. 

As shown in Figure 1 (top row), aging of the mice from 
5 months to 21 months resulted in losses of mtDNA 
gene levels of 88.6-90.3% in brain, 65.4-66.0% in heart 
and 16.7-19.4%) in skeletal muscle. RhTFAM treatment 
did not significantly change mtDNA gene levels in heart 
and muscle, and resulted in 28.0-32.8%) losses in brain 
relative to buffer control treatment in exercised aged 
mice (not shown). 

Effects of aging and rhTFAM treatment on mtDNA 
gene expression 

qPCR using normalization to geometric means of the 
same housekeeping genes on cDNA samples from 5 
month-old and 21 month-old mice showed that levels of 
16S rRNA were elevated 10-fold or greater compared to 
mtDNA protein coding genes (COl, COS, CytB) in all 
samples (not shown). For mtDNA coding genes, aging 
reduced expression 41.0-60.7%) in brain, 37.1-44%) in 
heart and 9.6-12.5%) in skeletal muscle (Figure 1, 
bottom row). In aged mice, rhTFAM treatment 
increased mtDNA gene expression 42-97% in brain 
when compared to buffer CTL, suggesting rescue of 
mtRNA lost due to aging (Figure 3, left). 

Effects of aging and rhTFAM treatment on 
mitobiogenesis signaling 

Mitobiogenesis signaling is a complex system of 
interacting transcription factors and co-activators that 
regulate expression of many mitochondrial genes 
involved in energy metabolism and respiration [26]. The 
major known upstream regulator is peroxisome 
proliferator-activated receptor gamma, coactivator 1- 
alpha (PGC-la) that is beheved to control the 
expression of many energy metabolism genes though 
regulation of nuclear respiratory factors (NRF) 1 and 2 
[26]. In addition to expression of PGC-la, we assayed 



expression of TFAM, mitochondrial transcription factor 
B2 (TFMB2) and nuclear respiratory factor 2 (NRF2), 
important downstream targets of PGC-la. 
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Figure 2. Aging causes loss of mitochondrial biogenesis 
signaling. qPCR analyses of mitobiogenesis gene expression 
levels in cDNA's fronn young (5 nnonth, n=6) and old (21 
nnonth, n=9) brains (A), hearts (B) and skeletal nnuscle (C), 
expressed as % nnean young nnouse levels. In brain, expression 
of all genes in young brains were different from that in old 
brains at p<0.0001 (unpaired t-test). In heart, expression of 
TFBM2 (p=0.0325) and PGC-la (p<0.0001) were significantly 
different between young and old animals (unpaired t-test). 
Expression of TFAM and NRF2 were not significantly different. 
In muscle, expression of TFAM (p=0.012) and TFBM2 (p=0.036) 
in young mice were significantly different from old mice; 
expression of PGCla and NRF2 were not significantly different 
between young and old mice (unpaired t-test). 



Figure 2 shows that levels of expression of these 
mitobiogenesis genes were reduced 55.6-64.8% in brain 
and 27.1-59.3% in heart compared to young CTL mice 
but were not reduced in skeletal muscle. Interestingly, 
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Figure 3. RhTFAIVI treatment increases transcription of mtDNA and mitobiogenesis genes, (left) 

qPCR analyses of brain nntRNA gene levels as cDNA's in old (21 nnonth) nnice treated with rhTFAM or buffer 
CTL (n=9 each group), expressed as % nnean CTL levels. For brains, all differences between young and old 
aninnals are significant at p<0.0001 (paired t-test). (right) Effects of rhTFAM on expression of PGC-la in 
brain, heart and skeletal nnuscle of old (21 nnonth) nnice, expressed as % of nnean CTL treatment values (n=9 
each group). In heart, rhTFAM significantly elevated PGC-la expression (p=0.0022 by paired t-test). 



rhTFAM treatment did not elevate these transcription 
factor mRNA's in brain but did elevate heart PGC-la 
expression by 102% (Figure 3, right) and NRF2 
expression by 30% (not shown). According to our 
observations, the age-related losses of mtDNA copy 
numbers and gene expression levels in brain and heart 
may derive from reductions in mitobiogenesis signaling 
in these tissues. 

Effects of aging and rhTFAM treatment on 
expression of brain DNA polymerase gamma (POL- 
y) and mitochondrial DNA-directed RNA 
polymerase (POLRMT) 

MtDNA is replicated by DNA polymerase gamma 
(POL-y), and mitochondrial DNA-directed RNA 
polymerase (POLRMT) mediates both synthesis of 
RNA primers necessary for mtDNA replication and 
mtDNA gene transcription. Given the substantial age- 
related loss in brain of mtDNA gene copy numbers 
(-90%)) and mtDNA gene expression (-40-60%)), we 
then sought to determine if aging reduced expression of 
POL-y or POLRMT. 

Figure 4 (top) shows that aging did not meaningfully 
alter brain expression levels of POL-y or POLRMT. 
RhTFAM treatment of aged mice did not change brain 
POL-y expression but increased expression of brain 
POLRMT by 79%, commensurate with the increases in 
mtRNA (Figure 4 bottom). 
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Figure 4. RhTFAIVI treatment increases expression of brain 
mitochondrial RNA polymerase (POLRMT) (top) expression of 
POL-g and POLRMT in brains of young (5 nnonth, n=6) and old (21 
nnonth, n=9) mice. There were no significant differences, (bottom) 
effects of rhTFAIVI on expression of POL-g and POLRMT in brains of 
old (21 nnonth) nnice (n=9 each group). RhTFAM treatnnent increased 
expression of POLRMT (p=0.0045 by paired t-test). 
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Effects of aging and rhTFAM treatment on 
expression of brain SirT3 

Mammalian tissues possess seven different sirtuins that 
are NAD+ dependent de-acetylating and ADP ribosyl 
transferase enzymes [27]. Sirtuins 3,4 and 5 have 
mainly mitochondrial localizations, with sirtuin 3 
(Sirt3) believed to function as the major mitochondrial 
de-acetylase [28, 29]. We found that Sirt3 
expressionwas significantly reduced -40% in old 
compared to young mouse brains. RhTFAM treatment 
increased aged brain expression of Sirt3 over two-fold 
to 80% of the levels found in young mouse brains 
(Figure 5). 
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Figure 5. Effects of aging and rhTFAIVI treatment of 
aged mice on expression of brain Sirt3. In (A), expression 
of Sirt3 in young (n=6) connpared to old (n=90 brains was 
significant at p<0.0001 by unpaired t-test. In (B), rhTFAM 
treatnnent (n=9) significantly increased Sirt3 expression 
connpared to CTL treatnnent (n=9) in aged nnice at p=0.0012 by 
unpaired t-test. 



Effects of Treating Aged Mice with rhTFAM on 
Brain Gene Expression Changes in Gene Ontology 
(GO) Families Compared to Aging Brain 

We created pooled RNA samples composed of equal 
amounts of total RNA from the brains of 6 CTL young 



(5 month old) mice, 9 CTL aged (21 month old mice) 
and 9 rhTFAM-treated aged mice. With Illumina 
microarrays, we analyzed in independent triplicates 
these pooled RNA samples for gene expression and 
used GeneSpring GX to process the data. We searched 
the "entity list" for genes expressed with >3-fold 
changes in the rhTFAM treatment of aged mice 
compared to the Gene Ontology families identified 
(q<0.1) in the young compared to aged CTL mouse 
brains. As shown in Table 1, we found highly 
significant overlap among genes with >3-fold 
differential expression in aged mice treated with 
rhTFAM and 19 GO families differentially expressed in 
aged compared to young adult brains. 15 of these GO 
families relate to developmental and morphogenesis 
gene families; 4 relate to DNA binding and transcription 
factor activities. 

RhTFAM increases brain levels of mitochondrial 
electron transport chain subunits, Complex I and IV 
activities, ATP and reduces oxidative stress 

Brains of aged mice from the MWM study were lysed 
and P2 mitochondria-enriched fractions prepared. We 
determined the effects of rhTFAM on individual brain 
electron transport chain subunits. Four micrograms of 
brain P2 fractions from each brain were run on SDS- 
PAGE and transferred for blotting. Using the 
MitoProfile® Total OXPHOS rodent antibody cocktail 
(ab 110413, Abeam), optical density units of the five 
bands were totaled. RhTFAM produced a 60% increase 
in the levels of the various subunits when compared to 
vehicle treated aged mice (Figure 6A). The aged mouse 
brain P2 mitochondria enriched fractions were assayed 
for Complex I and IV activities as well as total ATP. 
RhTFAM treated brain mitochondria had significantly 
higher enzyme activities as well as total ATP (Figure 
6B,C,D). 

Brain lysates were also studied for levels of TBARS 
(Thiobarbituric Acid Reactive Substances) a measure of 
ROS driven lipid peroxidation using the OxiSelect 
TBARS assay kit (Cell Biolabs). The Low Dose 
rhTFAM group had significantly less brain lipid 
peroxidation byproducts and the High Dose rhTFAM 
group trended towards the same as compared to the 
Vehicle group (Figure 6E). 

Mitochondrial respiration of rhTFAM treated aged 
mice exercised on rotarod 

In this study carried out in aged 20-21 month-old male 
mice, we used a different motor assessment protocol 
that emphasized time on a slowly accelerating rotarod 
instead of repeated, constant velocity rotatorod testing 
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to near-exhaustion used in our earlier study of young 
mice [21, 24]. One week after the last rhTFAM 
injection and rotarod testing of aged mice, we sacrificed 
them in pairs (CTL and rhTFAM, n=9 treatment pairs), 
removed brain, heart and quadriceps muscle, prepared 
P2 mitochondrial pellets and assayed respiration capaci- 



ty in these mitochondrial preparations by sequentially 
providing substrates for specific respiratory complexes 
(CI, CII, CIV). We found that rhTFAM treatment 
brought about significant increases in mitochondrial 
respiration in brain (CI, CIV), heart (CI, CIV) and 
skeletal muscle (CI) (Figure 8). 
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Figure 6. RhTFAM treatment improves brain mitochondrial functions and lowers oxidative stress damage to brain 
proteins and lipids. Effects of rhTFAM on various mitochondrial parameters in aged mice. Brain mitochondrial pellets from 
rhTFAM (low and high dose) and vehicle treated 21-22 month old mice were assayed for levels of various OXPHOS subunits (A), 
Complex I and IV activities (B and C, respectively), total ATP (D) and TBARS (E) as a measure of oxidative stress. RhTFAM treatment 
significantly increased all mitochondrial measures except for oxidative stress, where the low dose produced a significant decline in 
levels of TBARS. Unless otherwise noted, * p<.05 by paired t-test. 
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Table 1. Matched Entity Lists for gene ontology (GO) co-expression in 5 montli-old/21 
month-old brains compared to 21 month-old rhTFAM/CTL-treated brains. 



Entity List 


X) value 


developmental process 


4.64E-11 


multicellular organismal development 


6.47E-11 


anatomical structure development 


5.54E-11 


DNA binding 


7.93E-11 


extracellular region 


5 50E-11 


system development 


8.19E-11 


organ development 


1 02E-10 


sequence- specific DNA binding transcription factor activity 


1.72E-09 


nucleic acid binding transcription factor activity 


1.72E-09 


sequence- specific DNA binding 


3 42E-06 


pattern specification process 


5 90E-04 


regionalization 


0 0015124 


embryonic organ development 


0.001255763 


skeletal system development 


8.41E-04 


anterior/posterior pattern formation 


5.37E-04 


embryonic organ morphogenesis 


0.003916774 


embryonic skeletal system development 


0.001636222 


skeletal system morphogenesis 


0.001260297 


embryonic skeletal system morphogenesis 


0.00653228 



Effects of rhTFAM treatment of aged mice on 
Morris Water Maze 

20 month-old mice were divided into three groups, 
vehicle, low and high dose rhTFAM and treated weekly 
via intravenous tail vein injections for a total of 4 doses. 
During Week 5, Morris water maze (MWM) training 
was initiated. The platform was submerged below the 
surface of the water, and the mouse was placed in the 
water and given 60 seconds to locate the platform. Once 
on the platform, mice were allowed to remain for 15 
seconds before being returned to their cage. Each mouse 
underwent four successive trials a day, with 10-minute 
intervals, for 7 days. Latency (seconds) was averaged 
by each run (4 runs per timepoint), and then by 
treatment group. Both rhTFAM treated groups acquired 
the platform faster and earlier than did the vehicle 
treated aged mice (Figure 8A). 

To measure the strength of spatial memory retention, on 
the 8th day, a 'probe test' was conducted. Mice were 
placed in the water to swim freely for 60 seconds 
without the platform and the time spent in the quadrant 
that had contained the platform, and the number of 



crosses over the previous position of the platform, was 
recorded. The probe trial was repeated 15 days later. 
Both rhTFAM treated groups spent significantly more 
time in the platform zone (Figure SB) as well as 
entered the zone more often at the 8th day (Day 1 post- 
training) as well as the 15th day post-training (Figure 
8C). 

rhTFAM treatment of aged mice dose-dependently 
increases brain protein levels of BDNF and synapsin 

Synaptic plasticity, learning and memory are associated 
with brain-derived neurotrophic factor (BDNF) 
signaling that occurs through its tyrosine kinase 
receptor TrkB. BDNF expression is driven by CREB 
binding to its promoter IV [30], which is notable given 
that the canonical PGC-1 alpha promoter also has a 
CREB site, suggesting that expressions of both BDNF 
and PGC-1 -alpha could be driven by CREB activation. 
Expressions of both PSD-95 [31] and synapsin [32-34], 
both abundant synaptic proteins, are driven by BDNF 
signaling. Hippocampal BDNF signaling through its 
TrkB receptor mediates exercise-induced improvements 
in memory [33]. 
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Figure 7. RhTFAM treatment improves State 3 
mitochondrial respiration in brain, heart and skeletal 
muscle. Effects of rhTFAM treatment on state 3 (+ADP) 
respiration in nnitocliondrial preparations fronn brain, lieart 
and nnuscle in 21 nnontli old nnice treated weel<ly witli rliTFAIVI 
or buffer CTL, following addition of substrates for Connplex I 
(CI) or Connplex IV (CIV). * p<0.05 by paired t-test. 
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To determine whether the rhTFAM-induced increases in 
memory function were associated with changes in 
BDNF, PSD-95 or synapsin expression, we assayed 
levels of these proteins and PGC-1 -alpha in brains of old 
mice treated weekly for four weeks with rhTFAM or 
buffer CTL. As shown in Figure 9, BDNF and synapsin 
proteins increased dose-dependently. These results 
support the interesting possibility that rhTFAM treatment 
both increases mitobiogenesis in brain (through increas- 
ing PGC-1 a) and stimulates memory improvement by 
increasing expression of BDNF (possibly through CREB) 
that then increases expression of the important synaptic 
protein synapsin involved in memory formation. 

Figure 8. RhTFAM treatment improves learning and memory in aged mice. (A) Effects of rliTFAIVI and veliicle on latency to 
platfornn on during tine seven days of IVIorris Water IVIaze training in aged (21-22 nnontli old) nnice. RhTFAM treatnnent significantly 
innproved latency to platfornn (p<.05 by paired t-test). One and fifteen days after training, the platfornn was rennoved and nnice were 
tested to deternnine recall of the position of the platfornn. RhTFAM treated aged nnice spent significantly nnore tinne (B) in the platfornn 
zone as well as entering the zone nnore often (C) than did vehicle treated aged nnice, * p<.05 by paired t-test. 




•p<.05 
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Figure 9. RhTFAM treatment increases brain levels of BDNF and synapsin. Brain levels of proteins 
assayed by Western blot after treatnnent of 21 nnonth old nnice with rhTFAM once/week for four weeks. Shown 
are sizes of single rhTFAM doses. Protein levels are nornnalized to beta-actin and are expressed as % nnean CTL 
Statistical differences: BDNF (p=0.028 (control v 0.5mg/kg), p=0.029 (control v. 1.5mg/kg), p<0.001 (0.5nng/kg v 
1.5nng/kg); PGC-la (NS); PSD-95 (NS); synapsin (p<0.001 (control v. 1.5mg/kg ), p=0.005 (0.5mg/kg v. 1.5mg/kg)) 
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Figure 10. RhTFAM treatment improves learning in young 
mice. Effects of rhTFAM and vehicle on latency to platform 
during the seven days of Morris Water Maze training in 
young (2-3 month old) mice. RhTFAM treatment significantly 
improved latency to platform (p<.05 by paired t-test). 
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Young mice treated with rhTFAM have improved 
learning 

In a separate study, twenty 8 to 10 week old male 
C57BL/6J mice were assigned to two groups, vehicle 
control (n=10) and rhTFAM (n=10). As in our aging 
studies, mice were dosed IV weekly for 4 weeks with 
rhTFAM or vehicle. At the completion of dosing Morris 
water maze training was begun for one week using the 
same protocol as for the aged mouse study. RhTFAM 
treatment significantly improved platform acquisition 
time in young mice suggesting increasing mitochondrial 
bioenergetics impacts cognition regardless of age 
(Figure 10). Additionally, vehicle treated young mice 
acquired the platform in -31 ±3 sec at the completion of 
the 7 day training period. Aged mice treated with 
rhTFAM acquired the platform in -35±3 sec at the same 
point in training; latency was not significantly different 
between control young mice and rhTFAM aged mice. 
Though from two separate studies conducted in the 
same way by the same personnel, the comparison 
suggests that rhTFAM treatment may rejuvenate 
cognition in the aged and improve cognition in the 
young. 

DISCUSSION 

By using qPCR normalized to geometric means of three 
major housekeeping genes, we have shown that aging in 
exercised mice results in substantial losses of mtDNA 
gene copy numbers, mtDNA gene expression and 
mitobiogenesis signaling in brain and heart with 
minimal changes in skeletal muscle. We observed the 
greatest age-related losses of all categories of genes 
related to mitochondrial function in brain. If our 
findings reflect the consequences of the mitochondrial 
theory of aging, then brain is the most vulnerable post- 
mitotic tissue of those examined. Age-related losses of 
mitochondrial gene regulation in brain are profound, 
and compensatory mechanisms we uncovered are 
minimal. On a relative basis, the expression of mtDNA 
genes is increased relative to the loss of mtDNA gene 
copy numbers, but this is not sufficient to compensate. 

A study in the short-lifespan, annual fish A^. furzeri 
showed that aging resulted in -50% losses of mtDNA 
copy numbers in brain and -40% losses in muscle [35]. 
Muscle from aged fish had reduced expression of PGC- 
la (expression in brain not reported) and -70%) losses 
of mitochondrial state 3 respiration driven by CI or CII 
substrates [35]. In rat brain, aging from 3 months to 36 
months of age produced -40%) losses of State 3 
mitochondrial respiration at CI and CII and ATP 
synthesis rates [36]. Our analysis of cerebral cortex was 
fortuitous as Dinardo et al. had found no deficit in either 



levels of mtDNA or TFAM in aged (26 versus 5 month) 
rat cerebellum, liver or kidney . The differences 
between brain regions may reflect the inherent higher 
levels of cerebral versus cerebellar mitochondrial 
transcription rates, oxidative and nitrosative stress, 
permeability transition and complex I activities, 
particularly in aging human brain [37-39]. Aging in 
different vertebrate organisms appears to exact a similar 
price of decreased cerebral mitochondrial function that 
appears to arise from reduced mitobiogenesis signaling. 

It is unclear why brain should be the tissue most 
vulnerable to these age related losses, and it is not at all 
obvious why mitobiogenesis is so impaired during 
aging. Genes downstream of PGC-la could be 
downregulated in response to the reduced expression of 
PGC-la we found in brain and heart, but this does not 
provide understanding of why expression of PGC-la is 
so reduced, apparently as a primary bioenergetic deficit 
in aged brain. Reduced PGC-la expression could arise 
from microRNA's (www.microma.org lists 11 
miRNA's that could interact with mouse PGC-la). Of 
the 1 1 miRNAs that may interact with PGC- 1 a, mir-45 1 
is predicted to interact with mtDNA in the 
mitochondrial matrix and has been shown to be up- 
regulated in individuals who fail to generate increased 
muscle mass in response to resistance training [40-42]. 
PGC-la activity can also be regulated by gene 
methylation or promoter inhibition. A recently 
described example of the latter is parkin-interacting 
substance (PARIS), a zinc-fmger protein that binds to 
the insulin-responsive sequence of PGC-la and acts as 
a transcriptional repressor, at least in human cells [43]. 
Neither PARIS status in aged mouse brain nor PGC-la 
gene methylation levels or promoter chromatin binding 
changes have been investigated so far. 

Our results with rhTFAM show that repeated treatment 
can increase mitochondrial respiration in brain, heart 
and muscle even in the backdrop of exercise. These 
increases in brain mitochondrial respiration relate to 
increased mtDNA gene expression (without detected 
changes in mitobiogenesis signaling genes), and in heart 
to increases in mitobiogenesis signaling genes (without 
detected changes in mtDNA gene expression assayed at 
the completion of dosing). Thus, there may be differing 
mechanisms underlying rhTFAM effects in these 
different tissues, with the same net result of increased 
mitochondrial respiration and energy production 
capacity. 

Levels of TFAM protein within mitochondria appear to 
be regulated by Lon protease. RNAi knockdown of Lon 
increases mitochondrial TFAM levels, resulting in 
increased mtDNA copy number [44]. We do not know 
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if levels of mitochondrial Lon or TFAM were altered in 
our aged mouse cerebrum. Because we found brain 
TFAM gene expression was reduced -60% by aging, 
invoking post-translational regulation of TFAM, such as 
by Lon degradation, does not appear to be necessary to 
explain our findings. 

Human TFAM expressed in mouse hearts with genetic 
deletion of their endogenous cardiac TFAM mature 
normally, are healthy and do not express a 
cardiomyopathy phenotype. Hearts from these cardiac 
TFAM-deleted mice "rescued" by human TFAM 
expression contain near normal levels of mtDNA gene 
transcripts, in spite of the marked reduction of in vitro 
mouse mtDNA transcription initiation by human 
TFAM. These findings suggest that human TFAM 
expression in mice can promote normal levels of 
mtDNA gene transcripts through a mechanism likely 
different than induction of mtDNA transcription alone. 
As discussed by Freyer, et al, [45] this mechanism 
could include post-transcriptional mtRNA stabilization. 
It is conceivable that a similar mechanism might be 
operative in our mice given once weekly injections of 
rhTFAM that targets the mitochondrial matrix and 
would be processed to mature human TFAM. In 
particular, we found that rhTFAM treatment produced 
an increase in mtDNA transcripts in aged mouse brains 
that at baseline showed -60% reductions (relative to 
young adults) in expression of these critical respiratory 
complex genes. Alternatively, this increase in mtDNA- 
encoded gene expression could be the result of 
increased POLRMT (mitochondrial RNA polymerase) 
we detected in rhTFAM treated aged mice. We 
observed this increase in mtDNA gene transcripts in 
aging brain in the setting of marked loss (>90%)) of 
brain mtDNA gene copy numbers. This degree of loss 
was comparable to that observed in mouse hearts where 
TFAM was deleted and not replaced (see Fig 4B, [45]). 
In young adult mice rhTFAM treatment can increase 
mtDNA gene copy numbers [24]. It would be 
interesting to study whether the reduction in mtDNA 
gene copy could be reversed in aged mice given 
alterations to the rhTFAM dosing regimen, or whether 
this phenomenon reflects a fundamental change in 
rhTFAM effects on mtDNA replication in aged 
compared to young adult mice. 

Recent studies have shown that mitochondrial energy 
producing, oxidative phosphorylation proteins are 
extensively acetylated on lysine residues [46]. De- 
acetylation by Sirt3 appears to increase respiration and 
decrease reactive oxygen species production [29]. Sirt3 
expression is regulated by PGC-la, which may explain 
our finding of decreased Sirt3 expression in aged brains 
[47, 48]. However, the rhTFAM-induced increase in 



aged brain SirtS expression occurred without any 
detectable changes in expression of PGC-la, so it is not 
clear how SirtS expression was increased. Our observed 
increases in brain mitochondrial respiration after 
rhTFAM treatment may have arisen in part from 
deacetylation of respiratory proteins mediated by 
increased Sirt3. 

The literature is replete with studies showing an 
association between deficits in mitochondrial oxidative 
metabolism and reductions in cognition. Because of the 
dearth of molecular entities that can increase 
mitochondrial OXPHOS in the brain, few studies have 
shown that increased mitochondrial oxidative 
metabolism can yield increases in cognitive function. 
Utilizing a battery of cognitive tests and measures of 
hippocampal synaptic transmission, Hayashi et al. 
showed that over-expressing human TFAM in microglia 
of mice reversed cognitive deficits produced as a 
consequence of age (2 versus 24 months of age) [49]. 
That both this study and Hayashi et al. utilized human 
TFAM in mice and that human TFAM is less potent in 
activating mouse mtDNA transcription suggest greater 
effects maybe seen in humans with rhTFAM. 
Regardless, our studies indicate that rhTFAM can 
produce significant improvements in cognitive function 
without the need for genetic modification and over a 
relatively short period of time. Furthermore, the 
magnitude of the rhTFAM observed effect compares 
favorably to the effects of approved cognition 
enhancing drugs such as donepezil, galantamine and 
modafmil, or the cognitive benefits of exercise or 
caloric restriction reported in the literature [50-54]. Our 
observed increases after rhTFAM treatment in brain 
BDNF and synapsin, proteins important for memory 
function, may participate in the improved water maze 
memory demonstrated by the aged mice. 

In summary, we find that aging in mice produces 
marked losses in brain (and to a lesser degree in heart) 
of mitochondrial DNA gene copy numbers. 
Mitobiogenesis signaling is substantially reduced in 
aging in brain and heart. Treatment with the novel, 
mitochondrially targeted protein, rhTFAM, increases 
mitochondrial respiration in brain, heart and skeletal 
muscle of aged mice. In aged brain, rhTFAM treatment 
increased POLRMT expression, which may explain the 
increases we observed in mtDNA gene expression 
relative to the profound loss of mtDNA copy numbers 
produced as a consequence of age. RhTFAM treatment 
also increased respiratory proteins and greatly reduced 
levels of ROS damage in aged brain. These biochemical 
changes were correlated with significant improvements 
in cognition and increases in brain levels of BDNF and 
synapsin. 
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It is intriguing to consider the possibility of combined 
treatment with rhTFAM and rapamycin, an mXOR 
inhibitor. If aging deficits arise from a combination of 
reduced mitobiogenesis signahng with respiratory 
impairments, and overactivation of mXOR with cellular 
hyperfunctions, then such a dual therapeutic approach 
may yield synergistic benefits. 

EXPERIMENTAL PROCEDURES 

All the procedures involving animals were carried out in 
accordance with NIH guidelines and approved by either 
the University of Virginia or Jackson Labs West 
Institutional Animal Care and Use Committee. 

rhTFAM treatment of aged mice. Recombinant human 
Mitochondrial Transcription Factor A (rhTFAM) 
produced and purified by Gencia Corporation, 
(Charlottesville, VA) stored in 50% sorbitol, and 
dialyzed against 5% glycerol in Ix PBS then filtered 
through 10,000 MWCO centrifugal filters just before 
injection. Twenty month-old male C57B1/6 mice 
procured from Jackson Laboratory were injected 
intravenously (tail vein) with rhTFAM. Electrophoretic 
mobility shift assay (EMSA) was done to measure the 
DNA binding capacity of the rhTFAM, and .67mg/kg 
was injected into each mouse (n=9) once per week for 5 
weeks. Equal numbers (n=9) of mice were injected with 
buffer control in a paired design. 

Rotarod Training and Running Wheels. Mice were pre- 
trained on 4-lane rotarod (Columbus Instruments) with 
3.0 cm. diameter rod. They were placed in pairs 
(injected with rhTFAM or buffer CTL) on the rod that 
smoothly accelerated from 0 to 40 rpm with the 
increments of 1 rpm increase every 5 seconds. Three 
training sessions were conducted with 15 minutes rest 
period between runs, with food and water provided. The 
mice were placed individually in standard mouse cages 
fitted with running wheels (Wheel Counter; Columbus 
Instruments) for 12 hours (6.00 PM to 6.00 AM). Mice 
were acclimatized 1 week before the experiment and 
normal food and water was provided. 

Mitochondrial respiration. One week after the 5th 
injection of rhTFAM the mice were euthanized in pairs 
(rhTFAM and buffer CTL) by C02 inhalation, and their 
brain, heart and about Igm of skeletal muscle 
(quadriceps) were removed and homogenized in 
mannitol-sucrose buffer [21]. About 1 ml was saved in - 
80C for protein and nucleic acid extraction. Crude 
mitochondria were isolated by differential 
centrifugation method and the P2 pellets were dissolved 
in 2.4 ml Mir05 (http://www.oroboros.at/index.php?id= 
524#857) buffer and 0.6 ml of this was used for 



measuring the respiration in Oxygraph. The same tissue 
samples from buffer CTL and rhTFAM treatments were 
run side by side with sequential addition of substrates to 
assay complex I through complex IV respiration as 
described elsewhere [21]. 

Nucleic acid extraction and RT-qPCR. Total genomic 
DNA and RNA were extracted from the total tissue 
homogenates of brain, heart and skeletal muscle using 
All-Prep Kits from Qiagen and were quantified by 
NanoDrop 2000C spectrophotometer. One |ig RNA was 
reverse transcribed to cDNA using iScript, (BioRad) 
and random hexamer primers. Primers and TaqMan 
probes used for multiplex qPCR assays, or primer pairs 
for SybrGreen assays, were designed using Beacon 
Designer software, and the qPCR assays were 
performed on a CFX 96 Real Time System (CI 000 
Thermal Cycler, BioRad). Mouse brain cDNA was 
generated and used as external standards for the nuclear 
genes assayed. Mouse mtDNA circles were prepared 
from mouse liver gDNA by treating with Plasmid-Safe 
ATP-Dependent DNase (Epicentre Biotechnologies) 
and were used as standards to quantify the 
mitochondrial genes. Mouse liver gDNA was used as 
external standard to assay some of the common multiple 
house keeping genes like GAPDH, beta Actin and 18s 
rRNA in the samples and their geometrical mean was 
used to normalize the gene copy numbers and gene 
expression levels of the genes we assayed. 

In a separate, previously reported, experiment young 
adult (4-5 month old) male C57BL/6 mice (n=6) were 
injected IV through tail veins with dialyzed rhTFAM 
capable of binding lOOug of DNA (-450 ug) and equal 
numbers were given control buffer [21, 24]. These 
mice had been exposed to weekly rotarod testing using 
the same rotarod instrument but a more intense 
training regimen [21, 24]. The total gDNA and RNA 
were similarly extracted from their brain, heart and 
skeletal muscle and qPCR assays were done using the 
gDNA and cDNA generated from the RNA. These 
gDNA and cDNA samples were used in the present 
study. 

Real time PCR assays were done with gDNA and 
cDNA from young and old mice treated with control 
buffer or the young and old mice treated with rhTFAM 
to see if there is any difference in mitochondrial gene 
copy numbers or in mitochondrial biogenesis because of 
aging. We assayed 16s rRNA, COl, C03 and CytB for 
mitochondrial DNA and to know the impact of aging on 
mitochondrial biogenesis PGC-la, NRFl, TEAM and 
TFMB2 levels were determined. The levels POLg, 
POLRMT and SirT3 levels were also assayed for the 
brain cDNA. 
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Morris Water Maze in Aged Mice. In a separate study, 
forty-five, 20 month old C57BL/6J mice were divided 
into three groups, vehicle, low and high Dose rhTFAM 
(.3 and 1 mg/kg, respectively). The mice were grouped 
by mean body weight per cage, and were dosed weekly 
via IV for a total of 4 doses. Dosing did not exceed 1% 
v/bw. Body weights and clinical observations were 
recorded weekly at the time of dosing. During Week 5, 
Morris water maze (MWM) training was initiated. 
Water temperature was 22°C. Mice that sank or floated 
were removed from the study. Mice were habituated to 
the water maze by placing each subject into the 
apparatus for 60 seconds with no opportunity to escape. 
Commencing on the following day, the mice were 
trained in the hidden platform version of the maze. The 
platform was submerged below the surface of the water, 
and the mouse was placed in the water and given 60 
seconds to locate the platform. Once on the platform, 
mice were allowed to remain for 15 seconds before 
being returned to their cage. For mice that did not locate 
the platform in 60 seconds, they were guided to the 
platform and allowed to remain on the platform for 15 
seconds before being returned to their cage. Mice were 
padded dry between MWM trials and before being 
returned to the cage. Each mouse underwent four 
successive trials a day, with 10 minute intervals, for 7 
days. The sequence of water entering points differed for 
each of the 4 trials each day, but the location of the 
platform remained constant throughout the study. 
Latency (seconds) was averaged by each run (4 runs per 
timepoint), and then by treatment group. 

To measure the strength of spatial memory retention, on 
the 8th day, a 'probe test' was conducted. Mice were 
placed in the water to swim freely for 60 seconds 
without the platform and the time spent in the quadrant 
that had contained the platform, and the number of 
crosses over the previous position of the platform, was 
recorded. The probe trial was repeated 15 days later. 

Morris Water Maze in Young Mice. In a separate study, 
twenty (20) 8-10 week old C57BL/6J mice were divided 
into two groups. Vehicle and rhTFAM (.3 mg/kg). The 
mice were grouped by mean body weight per cage, and 
were dosed weekly via IV for a total of 4 doses. Dosing 
did not exceed 1% v/bw. Body weights and clinical 
observations were recorded weekly at the time of 
dosing. During Week 5, Morris water maze testing was 
initiated. Water temperature was 22°C. Mice that sank 
or floated were removed from the study. Mice were 
habituated to the water maze by placing each subject 
into the apparatus for 60 seconds with no opportunity to 
escape. Commencing on the following day, the mice 
were trained in the hidden platform version of the maze. 
The platform was submerged below the surface of the 



water, and the mouse was placed in the water and given 
60 seconds to locate the platform. Once on the platform, 
mice were allowed to remain for 15 seconds before 
being returned to their cage. For mice that did not locate 
the platform in 60 seconds, they were guided to the 
platform and allowed to remain on the platform for 15 
seconds before being returned to their cage. Mice were 
padded dry between MWM trials and before being 
returned to the cage. Each mouse underwent four 
successive trials a day, with 10 minute intervals, for 7 
days. The sequence of water entering points differed for 
each of the 4 trials each day, but the location of the 
platform remained constant throughout the study. 
Latency (seconds) was averaged by each run (4 runs per 
timepoint), and then by treatment group. 

Western blotting. Twenty-four hours following the final 
probe trial, the mice were sacrificed. Brains were lysed 
and P2 mitochondria-enriched fractions prepared. We 
determined the effects of rhTFAM on individual brain 
electron transport chain subunits. Four micrograms of 
brain P2 fractions from each brain were run on SDS- 
PAGE and transferred for blotting. Using the 
MitoProfile® Total OXPHOS rodent antibody cocktail 
(ab 110413, Abeam), optical density units of the five 
bands were totaled. 

In other experiments, whole brain protein was isolated, 
electrophoresed and probed with antibodies to BDNF, 
PGC-1 alpha, synapsin or PSD-95. Results were 
normalized to beta actin levels. 

Complex I and IV Activities. The aged mouse brain P2 
mitochondria enriched fractions were assayed for 
Complex I and IV activities. To determine the activity 
of mitochondrial complex I, the microplate assay kit for 
complex I activity (MitoSciences, MS 141) was used. 
Mitochondrial proteins (5.5 mg/mL) were extracted by 
adding 1/10 volume of lauryl maltoside, and 50 |ig of 
proteins were used for the assay. Complex I was 
immunocaptured on microplates, and the activity was 
determined by the oxidation of NADH to NAD+. 
Complex I activity was measured by the increase in 
absorbance at 450 nm and expressed as the change in 
absorbance per minute per microgram of protein. 

Mitochondrial complex IV activity was determined with 
the microplate assay kit for complex IV activity 
(MitoSciences, MS444). Mitochondrial proteins (5.5 
mg/mL) were extracted by adding 1/10 volume of lauryl 
maltoside, and 75 jig of proteins were used for the 
assay. Complex IV was immunocaptured on microplate, 
and activity was determined by following the oxidation 
of reduced cytochrome C as revealed by a change in 
absorbance at 550 nm. Complex IV activity was 
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expressed as the change in absorbance per minute per 
microgram of protein. 

ATP assay. The Cell Titer-Glo® Luminescent Cell 
Viability Assay kit was used for ATP assay following 
the manufacturer's instruction. Briefly, the assay buffer 
and substrate were equilibrated to room temperature, 
and the buffer was transferred to and gently mixed with 
the substrate to obtain a homogeneous solution. After a 
30 min equilibration of the plate to room temperature, 
100 |Lil of the assay reagent was added into each well 
containing brain P2 mitochondrial pellets and the 
content was mixed for 2 min. After 1 0 min incubation at 
room temperature, the luminescence was read on a 
PHERAstar FS Reader (BMG Labtech Cary, NC). The 
substrate mix contains luciferase, which in the presence 
of Mg2+ and ATP converts luciferin into oxiluciferin 
and concomitantly releases energy in the form of 
luminescence. Signal strength is directly proportional to 
the amount of ATP present. 

TEARS assay. Brain lysates were also studied for levels 
of TEARS (Thiobarbituric Acid Reactive Substances) a 
measure of ROS driven lipid peroxidation using the 
OxiSelect TEARS assay kit (Cell Eiolabs). 

Statistical analyses. We used SigmaPlot, SigmaStat, 
GraphPad InStat and Prism softwares for statistical 
analyses. Eoth parametric and non-parametric tests 
were used, depending on whether data distributed 
normally. Matched-pair t-tests were used where 
appropriate. 

ACKNOWLEDGEMENTS 

This research was supported by NIH AG023443 and 
NS39788 and the VCU Parkinson's Disease Center. 
SMK, RMS, IGO, JD, OMK and FRP are offlcers in 
GENCIA Corp and have a financial interest in the 
development of rhTFAM. 

Authors' Contributions 

SMK and JPE designed experiments. RRT carried out 
animal, respiration and qPCR experiments and analyzed 
data. SMK and RMS developed TFAM fermentation 
strategy. FRP developed purification of rhTFAM. RMS, 
OMK and FRP produced rhTFAM. IGO and JD carried 
out mitochondrial analysis of aged mouse brain. SMK 
and JPE assembled figures, analyzed microarray data 
and wrote the manuscript. Under contract, Jackson Labs 
West carried out Morris Water Maze experiments. 
RhTFAM was invented, developed and produced at 
Gencia Corporation. 



Conflict of Interest Statement 

The authors of this manuscript have no confiict of 
interests to declare. 

REFERENCES 

1. Harman D. Aging: a theory based on free radical and radiation 
cliennistry. Journal of gerontology. 1956; 11:298-300. 

2. Harnnan D. The free radical theory of aging. Antioxidants & 
redox signaling. 2003; 5:557-561. 

3. Lapointe J and Hekinni S. When a theory of aging ages badly. 
Cellular and nnolecular life sciences : CMLS. 2010; 67:1-8. 

4. Gruber J, Schaffer S and Halliwell B. The nnitochondrial free 
radical theory of ageing-where do we stand? Frontiers in 
bioscience : a journal and virtual library. 2008; 13:6554-6579. 

5. Jang YC, Perez VI, Song W, Lustgarten MS, Salnnon AB, Mele J, 
Qi W, Liu Y, Liang H, Chaudhuri A, Ikeno Y, Epstein CJ, Van 
Remnnen H, et al. Overexpression of Mn superoxide disnnutase 
does not increase life span in nnice. The journals of gerontology 
Series A, Biological sciences and nnedical sciences. 2009; 
64:1114-1125. 

6. Jang YC and Rennnnen VH. The nnitochondrial theory of aging: 
insight fronn transgenic and knockout nnouse nnodels. 
Experinnental gerontology. 2009; 44:256-260. 

7. Hur JH, Cho J and Walker DW. Aging: Dial M for Mitochondria. 
Aging. 2010; 2:69-73. 

8. Vina J, Gonnez-Cabrera MC, Borras C, Froio T, Sanchis-Gomar 
F, Martinez-Bello VE and Pallardo FV. Mitochondrial biogenesis 
in exercise and in ageing. Advanced drug delivery reviews. 2009; 
61:1369-1374. 

9. Johnston AP, De Lisio M and Parise G. Resistance training, 
sarcopenia, and the nnitochondrial theory of aging. Applied 
physiology, nutrition, and nnetabolisnn = Physiologie appliquee, 
nutrition et nnetabolisnne. 2008; 33:191-199. 

10. Genns D and Doonan R. Antioxidant defense and aging in C. 
elegans: is the oxidative dannage theory of aging wrong? Cell 
Cycle. 2009; 8:1681-1687. 

11. Hwang AB and Lee SJ. Regulation of life span by 
nnitochondrial respiration: the HIF-1 and ROS connection. Aging. 
2011; 3:304-310. 

12. Genns D and Guardia YD. Alternative Perspectives on Aging in 
Caenorhabditis elegans: Reactive Oxygen Species or 
Hyperfunction? Antioxidants & redox signaling. 2012. 

13. Blagosklonny MV. Aging: ROS or TOR. Cell Cycle. 2008; 
7:3344-3354. 

14. Pani G. P66SHC and ageing: ROS and TOR? Aging. 2010; 
2:514-518. 

15. Anisinnov VN, Egorov MV, Krasilshchikova MS, Lyannzaev KG, 
Manskikh VN, Moshkin MP, Novikov EA, Popovich IG, Rogovin 
KA, Shabalina IG, Shekarova ON, Skulachev MV, Titova TV, et al. 
Effects of the nnitochondria-targeted antioxidant SkQl on 
lifespan of rodents. Aging. 2011; 31110-1119. 

16. Skulachev VP. SkQl treatment and food restriction-two 
ways to retard an aging progrann of organisms. Aging. 2011; 
3:1045-1050. 

17. Choksi KB, Nuss JE, DeFord JH and Papaconstantinou J. 
Mitochondrial electron transport chain functions in long-lived 
Ames dwarf mice. Aging. 2011; 3:754-767. 



www.impactaging.com 



633 



AGING, September 2012, Vol.4 No.9 



18. Ago T, Matsushima S, Kuroda J, Zablocki D, Kitazono T and 
Sadoshima J. The NADPH oxidase Nox4 and aging in the heart. 
Aging. 2010; 2:1012-1016. 

19. Kuroda J, Ago T, IVIatsushinna S, Zhai P, Schneider IVID and 
Sadoshima J. NADPH oxidase 4 (Nox4) is a major source of 
oxidative stress in the failing heart. Proceedings of the National 
Academy of Sciences of the United States of America. 2010; 
107:15565-15570. 

20. Schuiz TJ, Westermann D, Isken F, Voigt A, Laube B, 
Thierbach R, Kuhlow D, Zarse K, Schomburg L, Pfeiffer AF, 
Tschope C and Ristow M. Activation of mitochondrial energy 
metabolism protects against cardiac failure. Aging. 2010; 2:843- 
853. 

21. Iyer S, Thomas RR, Portell FR, Dunham LD, Quigley CK and 
Bennett JP, Jr. Recombinant mitochondrial transcription factor A 
with N-terminal mitochondrial transduction domain increases 
respiration and mitochondrial gene expression. Mitochondrion. 
2009; 9:196-203. 

22. Iyer S, Xiao E, Alsayegh K, Eroshenko N, Riggs MJ, Bennett JP, 
Jr. and Rao RR. Mitochondrial gene replacement in human 
pluripotent stem cell-derived neural progenitors. Gene therapy. 
2011. 

23. Keeney PM, Quigley CK, Dunham LD, Papageorge CM, Iyer S, 
Thomas RR, Schwarz KM, Trimmer PA, Khan SM, Portell FR, 
Bergquist KE and Bennett JP, Jr. Mitochondrial gene therapy 
augments mitochondrial physiology in a Parkinson's disease cell 
model. Human gene therapy. 2009; 20:897-907. 

24. Thomas RR, Khan SM, Portell FR, Smigrodzki RM and Bennett 
JP, Jr. Recombinant human mitochondrial transcription factor A 
stimulates mitochondrial biogenesis and ATP synthesis, 
improves motor function after MPTP, reduces oxidative stress 
and increases survival after endotoxin. Mitochondrion. 2011; 
11:108-118. 

25. Iyer S, Bergquist K, Young K, Gnaiger E, Rao RR and Bennett 
JP, Jr. Mitochondrial Gene Therapy Improves Respiration, 
Biogenesis, and Transcription in G11778A Leber's Hereditary 
Optic Neuropathy and T8993G Leigh's Syndrome Cells. Human 
gene therapy. 2012. 

26. Scarpulla RC. Metabolic control of mitochondrial biogenesis 
through the PGC-1 family regulatory network. Biochim Biophys 
Acta. 2011; 1813:1269-1278. 

27. Horio Y, Hayashi T, Kuno A and Kunimoto R. Cellular and 
molecular effects of sirtuins in health and disease. Clin Sci 
(Lond). 2011; 121:191-203. 

28. Lombard DB, Tishkoff DX and Bao J. Mitochondrial sirtuins in 
the regulation of mitochondrial activity and metabolic 
adaptation. Handbook of experimental pharmacology. 2011; 
206:163-188. 

29. Verdin E, Hirschey MD, Finley LW and Haigis MC. Sirtuin 
regulation of mitochondria: energy production, apoptosis, and 
signaling. Trends in biochemical sciences. 2010; 35:669-675. 

30. Pruunsild P, Sepp M, Orav E, Koppel I and Timmusk T. 
Identification of cis-elements and transcription factors 
regulating neuronal activity-dependent transcription of human 
BDNF gene. The Journal of neuroscience : the official journal of 
the Society for Neuroscience. 2011; 31:3295-3308. 

31. Robinet C and Pellerin L. Brain-derived neurotrophic factor 
enhances the hippocampal expression of key postsynaptic 
proteins in vivo including the monocarboxylate transporter 
MCT2. Neuroscience. 2011; 192:155-163. 



32. Vaynman S, Ying Z and Gomez-Pinilla F. Interplay between 
brain-derived neurotrophic factor and signal transduction 
modulators in the regulation of the effects of exercise on 
synaptic-plasticity. Neuroscience. 2003; 122:647-657. 

33. Vaynman S, Ying Z and Gomez-Pinilla F. Hippocampal BDNF 
mediates the efficacy of exercise on synaptic plasticity and 
cognition. The European journal of neuroscience. 2004; 20:2580- 
2590. 

34. Vaynman S, Ying Z and Gomez-Pinilla F. Exercise induces 
BDNF and synapsin I to specific hippocampal subfields. Journal 
of neuroscience research. 2004; 76:356-362. 

35. Hartmann N, Reichwald K, Wittig I, Drose S, Schmeisser S, 
Luck C, Hahn C, Graf M, Gausmann U, Terzibasi E, Cellerino A, 
Ristow M, Brandt U, et al. Mitochondrial DNA copy number and 
function decrease with age in the short-lived fish 
Nothobranchius furzeri. Aging cell. 2011; 10:824-831. 

36. Navarro A, Lopez-Cepero JM, Bandez MJ, Sanchez-Pino MJ, 
Gomez C, Cadenas E and Boveris A. Hippocampal mitochondrial 
dysfunction in rat aging. Am J Physiol Regul Integr Comp Physiol. 
2008; 294:R501-509. 

37. Yokoyama H, Uchida H, Kuroiwa H, Kasahara J and Araki T. 
Role of glial cells in neurotoxin-induced animal models of 
Parkinson's disease. Neurol Sci. 32:1-7. 

38. Bauereis B, Haskins WE, Lebaron RG and Renthal R. 
Proteomic insights into the protective mechanisms of an in vitro 
oxidative stress model of early stage Parkinson's disease. 
Neurosci Lett. 488:11-16. 

39. Imam SZ, Zhou Q, Yamamoto A, Valente AJ, Ali SF, Bains M, 
Roberts JL, Kahle PJ, Clark RA and Li S. Novel regulation of parkin 
function through c-Abl-mediated tyrosine phosphorylation: 
implications for Parkinson's disease. J Neurosci. 31:157-163. 

40. Aridon P, Geraci F, Turturici G, D'Amelio M, Savettieri G and 
Sconzo G. Protective Role of Heat Shock Proteins in Parkinson's 
Disease. Neurodegener Dis. 

41. Bian Z, Li LM, Tang R, Hou DX, Chen X, Zhang CY and Zen K. 
Identification of mouse liver mitochondria-associated miRNAs 
and their potential biological functions. Cell research. 2010; 
20:1076-1078. 

42. Davidsen PK, Gallagher IJ, Hartman JW, Tarnopolsky MA, 
Dela F, Helge JW, Timmons JA and Phillips SM. High responders 
to resistance exercise training demonstrate differential 
regulation of skeletal muscle microRNA expression. J AppI 
Physiol. 2011; 110:309-317. 

43. Shin JH, Ko HS, Kang H, Lee Y, Lee Yl, Pletinkova 0, Troconso 
JC, Dawson VL and Dawson TM. PARIS (ZNF746) repression of 
PGC-lalpha contributes to neurodegeneration in Parkinson's 
disease. Cell. 2011; 144:689-702. 

44. Kang D, Kim SH and Hamasaki N. Mitochondrial transcription 
factor A (TEAM): roles in maintenance of mtDNA and cellular 
functions. Mitochondrion. 2007; 7:39-44. 

45. De Araujo DP, Lobato Rde F, Cavalcanti JR, Sampaio LR, 
Araujo PV, Silva MC, Neves KR, Fonteles MM, Sousa FC and 
Vasconcelos SM. The contributions of antioxidant activity of 
lipoic acid in reducing neurogenerative progression of 
Parkinson's disease: a review. Int J Neurosci. 121:51-57. 

46. Kim SC, Sprung R, Chen Y, Xu Y, Ball H, Pei J, Cheng T, Kho Y, 
Xiao H, Xiao L, Grishin NV, White M, Yang XJ, et al. Substrate and 
functional diversity of lysine acetylation revealed by a 
proteomics survey. Molecular cell. 2006; 23:607-618. 

47. Hirayama M, Nakamura T, Watanabe H, Uchida K, Hama T, 
Hara T, Niimi Y, Ito M, Ohno K and Sobue G. Urinary 8- 



www.impactaging.com 



634 



AGING, September 2012, Vol.4 No.9 



hydroxydeoxyguanosine correlate with hallucinations rather 
than motor symptoms in Parkinson's disease. Parkinsonism Relat 
Disord. 17:46-49. 

48. Kong X, Wang R, Xue Y, Liu X, Zhang H, Chen Y, Fang F and 
Chang Y. Sirtuin 3, a new target of PGC-lalpha, plays an 
important role in the suppression of ROS and mitochondrial 
biogenesis. PloS one. 2010; 5:ell707. 

49. Hayashi Y, Yoshida M, Yamato M, Ide T, Wu Z, Ochi-Shindou 
M, Kanki T, Kang D, Sunagawa K, Tsutsui H and Nakanishi H. 
Reverse of age-dependent memory impairment and 
mitochondrial DNA damage in microglia by an overexpression of 
human mitochondrial transcription factor a in mice. J Neurosci. 
2008; 28:8624-8634. 

50. Rogers DC and Hagan JJ. 5-HT6 receptor antagonists enhance 
retention of a water maze task in the rat. Psychopharmacology. 
2001; 158:114-119. 

51. Hernandez CM, Gearhart DA, Parikh V, Hohnadel EJ, Davis 
LW, Middlemore ML, Warsi SP, Waller JL and Terry AV, Jr. 
Comparison of galantamine and donepezil for effects on nerve 
growth factor, cholinergic markers, and memory performance in 
aged rats. J Pharmacol Exp Ther. 2006; 316:679-694. 

52. Shuman T, Wood SC and Anagnostaras SG. Modafinil and 
memory: effects of modafinil on Morris water maze learning and 
Pavlovian fear conditioning. Behavioral neuroscience. 2009; 
123:257-266. 

53. Hansalik M, Skalicky M and Viidik A. Impairment of water 
maze behaviour with ageing is counteracted by maze learning 
earlier in life but not by physical exercise, food restriction or 
housing conditions. Experimental gerontology. 2006; 41:169- 
174. 

54. Caviness JN, Lue L, Adier CH and Walker DG. Parkinson's 
disease dementia and potential therapeutic strategies. CNS 
Neurosci Ther. 17:32-44. 



www.innpactaging.com 635 AGING, Septennber 2012, Vol.4 No.9 



